Abstract In vitro differentiation of spermatogonial stem cells (SSCs) promotes the understanding of the mechanism of spermatogenesis. The purpose of this study was to isolate spermatogonial stem cell-like cells from murine testicular tissue, which then were induced into haploid germ cells by retinoic acid (RA). The spermatogonial stem cell-like cells were purified and enriched by a two-step plating method based on different adherence velocities of SSCs and somatic cells. Cell colonies were present after culture in M1-medium for 3 days. Through alkaline phosphatase, RT-PCR and indirect immunofluorescence cell analysis, cell colonies were shown to be SSCs. Subsequently, cell colonies of SSCs were cultured in M2-medium containing RA for 2 days. Then the cell colonies of SSCs were again cultured in M1-medium for 6-8 days, RT-PCR and indirect immunofluorescence cell analysis were chosen to detect haploid male germ cells. It could be demonstrated that 10 -7 mol l -1 of RA effectively induced the SSCs into haploid male germ cells in vitro.
Introduction
In male mammals, the production of sperm is a continuous process supported by spermatogonial stem cells (SSCs) (Aponte et al. 2005 ) originating from gonocytes. The maturation of SSCs starts when the gonocytes migrate to the genital ridges and are enclosed by Sertoli cells (de Rooij 2001) . Recently, many researches have promoted the understanding spermatogonial cultivation, self-renewal and differentiation (Araki et al. 2010; Kanatsu-Shinohara et al. 2007; Kubota et al. 2004; Lee et al. 2003; Nagano et al. 1998; Nolte et al. 2010; Oatley et al. 2007) .
Extensive work has been done on how SSCs commence differentiation. In recent years, some reports indicated that the differentiation of SSCs can be induced by the presence of certain nutrients such as retinoic acid (RA) or calcium alginate or by the coculture with Sertoli cells. With respect to RA, recent data have suggested that RA signaling initiates meiosis in fetal mouse ovary and acts on germ cells to promote expression of Stra8 (Bowles et al. 2006; Koubova et al. 2006) , which is a gene required for pre-meiotic DNA replication (Anderson et al. 2008) . RA is a retinoids which can alter gene expression in testis (ClagettDame and DeLuca 2002) , heart (Das et al. 2007 ), central nervous system (Kastner et al. 1995) craniofacial structures, limbs, brain, and eyes (Clagett-Dame and DeLuca 2002; Das et al. 2007; Kastner et al. 1995; Ross et al. 2000; Wolgemuth and Chung 2004; Zile 1998) . Chung et al. (2005) reported that the lack of retinoic acid receptor a could lead to male sterility in mice as well as specific abnormalities in spermiogenesis (Chung et al. 2005) . It has been proven that foetal cattle mGCs (male germ cells) were induced by RA to generate some elongated sperm-like cells (Dong et al. 2010 ). In addition, it was demonstrated that inhibiting the metabolism of vitamin A to generate RA is a new approach of male contraception (Hogarth et al. 2011) .
Spermatogonial stem cells can support continuous spermatogenesis by their ability of self-renewal. As described previously, RA can induce differentiation of SSCs. However, the appropriate protocol to induce differentiation of mouse SSCs into haploid cells in vitro was not set up yet. In this study, the isolation and purification of SSCs from mice were studied. An appropriate protocol to induce the differentiation of SSCs into haploid cells in vitro was set up, which may provide a novel approach to study the mechanism of spermatogenesis and have a potential value to conserve threatened and endangered large animals.
Materials and methods
All chemical reagents used in this study were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The culture media, L-glutamine, nonessential amino acids and sera were obtained from Gibco/Invitrogen (Beijing, China), Sigma (St. Louis, MO, USA) or Hyclone (Logan, UT, USA) unless stated otherwise. EGF was obtained from Sigma (St. Louis, MO, USA). All solutions were prepared using ultra-purified water supplied by a Milli-Q system (Millipore, Billerica, MA, USA).
Experimental animals
Mice aged 6 days were obtained from the Experimental Animal Center of the Medical College of the Xi'an Jiaotong University for this study.
Isolation and purification of murine SSCs
The single cell suspensions from murine testis tissues were prepared by a two-step enzymatic digestion. The dispersed cells were filtrated with a 400-eyes mesh and washed twice with DMEM using 5009g centrifugation. The pellet was suspended in M1-medium (containing DMEM, 20 ng ml -1 EGF, 4 mol l -1 Lglutamine, 1 % nonessential amino acids and 10 % FBS). The cells were cultured using a two-step differential plating process to separate the SSCs and Sertoli cells. Briefly, 10 6 cells per millilitre were cultured in 60-mm dishes for 12 h at 37°C and 5 % CO 2 , and then the non-adhering cells (the majority of them were SSCs) and adhering cells (the majority of Sertoli cells) were transferred into a new plate to culture for further 4 h in the same condition, respectively. The suspended cells were collected and divided into two parts after cultivation for 3 days. One part of the cells was cultured in vitro as the control group. The other group was treated with 10 -7 mol l -1 of RA (Dong et al. 2010) . 5 9 10 4 SSCs per well were cultured in parallel in 48-well plates in M2-medium (containing DMEM, 4 mol l -1 L-glutamine, 5 ng ml -1 EGF, 1 % BSA and 4 9 10 -2 mg l
gentamicin, 10 -7 mol l -1 RA) for 2 days. After that the cell colonies of SSCs were again cultured in M1-medium for further 6-8 days. The adhering cells (the majority of Sertoli cells) were cultured in M1-medium for 6 days. In all culture systems, half of the medium was changed every day. The cell suspension was placed into cell culture flasks and maintained at 37°C in a humidified, 5 % CO 2 and 95 % air atmosphere. The medium was changed every 2-3 days.
Alkaline phosphatase (AKP) assay
The mouse SSCs were fixed in 4 % paraformaldehyde for detection of alkaline phosphatase (AKP) activity and then stained with NBT/BCIP AKP substrate. The staining reaction was stopped after incubation of 10-15 min in light by washing with PBS (Phosphate Buffered Saline). The stained cells were observed and photographed under inverted phase contrast microscope (Nikon Imaging Sales Co Ltd., Tokyo, Japan).
Indirect immunofluorescence cell analysis
The above cells were identified via the CD9-markera marker for the spermatogonial stem cells (Abu Elhija et al. 2012) . Protamine 1 (a marker for post-meiotic cells) was detected by indirect immunofluorescence staining (Abu Elhija et al. 2012) . Briefly, the cells were fixed in 4 % paraformaldehyde for 15 min, and were rinsed triply in PBS with 0.1 % Tween-20. Then the cells were re-suspended in phosphate-buffered saline with bovine serum albumin (PBS-BSA) over an hour at 37°C. The rabbit anti-CD9 antibody (1:1000 in PBS, Abcam, Cambridge, UK) was added to the solution for 12 h at 37°C and then triply washed in PBS. The Cy3 AffiniPure Goat Anti-Rabbit IgG (H ? L) (1:1000, Invitrogen, USA) was added and incubated for an hour at 37°C. Finally, the cell suspension was incubated with Hoechst 33258 (1:800, Invitrogen, Carlsbad, CA USA) for 8 min to stain the nuclei of SSCs and Sertoli cells, then washed thrice with PBS and the cells were re-suspended in 0.5 ml PBS-BSA. The anti-protamine 1 antibody (1:1000 in PBS, Abcam, Cambridge, UK) was added to the suspension of the RA treated group, for 12 h at 37°C and then triply washed in PBS. DyLight 488 AffiniPure Goat Anti-Rabbit IgG (H ? L) (1:1000 in PBS, Abcam) was added and incubated for an hour at 37°C. Finally, the suspension was incubated with Hoechst 33258 (1:800) for 8 min to stain the nuclei of haploid male germ cells, washed thrice with PBS. Then the cells were re-suspended in 0.5 ml PBS-BSA. The fluorescence was monitored using a 580-and a 644-nm double band-pass filter by fluorescence microscope (Nikon Imaging Sales Co Ltd., Tokyo, Japan).
RT-PCR
Total RNA of cells was extracted by the Trizol reagent (Invitrogen). To generate the cDNA, the reverse transcription was carried out by using 1 lg total RNA and 0. The PCR reaction system was constituted of 2.5 ll 109 reaction buffer (including Mg ?? ) (pH 8.3), 2 ll dNTP (10 mM), 1 ll of each primer (1 lM) and 0.5 IU Taq DNA polymerase (Toyobo, Osaka, Japan), 1 ll template DNA and 17 ll DEPC water. The PCR products were separated by 1.2 % agarose gel electrophoresis. Negative controls included mock reverse transcription without RNA or PCR with DEPC-treated water. RNA from adult testis was used as positive control.
Results
Because of lack of unique markers of SSCs, a variety of methodologies was opted to demonstrate that the cell colonies we cultured were SSCs colonies. SSCs are round and can be stained by the alkaline phosphatase assay into bluish violet. The four characteristic genes (Oct4, Integrin alpha 6, Integrin beta 1, Ngn3) of germ cells were selected to identify the spermatogonial stem cells. It is commonly considered that As (a single) and Apr (a paired) spermatogonia have stemcell properties. CD9 is considered as surface maker of spermatogonial stem cells. Haploid male germ cells are a type of post-meiotic cells, which express, both, Sycp3 and TH2B genes. Protamine 1 is the specific marker of post-meiotic cells.
Alkaline phosphatase (AKP) assay
Purified Sertoli cells were considered as the control group. The difference between the Sertoli cells and SSCs was the morphology. Purified SSC cells are round, they began to divide and proliferate for 2 days Cytotechnology (2014) 66:365-372 367 and cell colonies appeared on day 6 (Fig. 1) . Stem cells can be stained into bluish violet by AKP staining. From both images in Fig. 2a , b, SSCs and Sertoli cells, were clearly different. SSCs were round and stained bluish violet, while Sertoli cells had an irregular form and were barely stained. The AKP assay together with the images of the cell colonies demonstrated that the colonies of the round cells could be considered as SSCs colonies.
Reverse transcriptase polymerase chain reaction (RT-PCR) analysis
Some characteristic genes of germ cells are selected to identify the spermatogonial stem cells and haploid male germ cells. The Ngn3 gene is a typical gene of SSCs (Yoshida et al. 2004 ) and the Oct4 gene maintains pluripotency and self-renewal (Loh et al. 2006) . The b-actin gene is a house-keeping gene of SSCs and Sertoli cells (Thellin et al. 1999) . The Integrin alpha 6 and Integrin beta 1 genes are considered as surface markers of SSCs (Shinohara et al. 1999 ). The expression of Sycp3 and TH2B is related to differentiation of the spermatogonial stem cells into haploid male germ cells. From Fig. 3a , we can see that the SSCs expressed the four genes (Oct4, Integrin alpha 6, Integrin beta 1, Ngn3), and the house keeping gene, while Sertoli cells only expressed the house-keeping gene (b-actin). The RT-PCR analysis indicated different gene expression by SSCs and Sertoli cells. Thus, it was demonstrated that the cell colonies we cultured were SSCs.
The SSCs began to become meiotic and further differentiated into haploid male germ cells after induction with RA leading to the expression of Sycp3 and TH2B as shown in Fig. 3b . The control group for haploid male germ cells was SSCs which did not express both genes (not shown). Thus, it was obviously demonstrated that SSCs were induced to haploid male germ cells by RA.
Cell analysis by indirect immunofluorescence
It is commonly considered that As (a single) and Apr (a paired) spermatogonia have stem-cell properties. CD9 and protamine 1 were selected as markers because they are surface makers of spermatogonial stem cells and of post-meiotic cells, respectively. The results of indirect immunofluorescence cell analysis of the Sertoli cells and the SSCs are shown in Fig. 4 , and that of the haploid male germ cells and the SSCs are Fig. 1 The SSCs colonies at day 6 (9400) (Fig. 4) . Although Sertoli cells also expressed CD9, they showed a small spherical nucleus with a thick rim of cytoplasm (Fig. 5) . In contrast, SSCs showed a large spherical nucleus with a thin rim of cytoplasm (Fig. 4a, c) , whose morphology was comparable to mouse SSCs. Thus, it was demonstrated again that the cell colonies we cultured were SSCs.
The SSC colonies were treated with RA for 2 days and then cultured in M1-medium for 8 days. After that, the expression of protamine 1 was investigated in comparison to the control (SSCs). Haploid male germ cells largely expressed protamine 1 (Fig. 6 ). In contrast, SSCs barely expressed protamine 1 (Fig. 7) , demonstrating that SSCs had been differentiated into post-meiotic cells.
Discussion
Investigating the differentiation of spermatogonial stem cells leads to a better understanding of the mechanism of spermatogenesis. AKP assay, RT-PCR analysis and indirect analysis by immunofluorescence cell were performed to identify SSCs. AKP is a pluripotency cell marker (Neri et al. 2007; Park et al. 2008) . Stem cells can be stained blue violet or brown by the AKP staining (in Fig. 2 ), as reported in previous studies (Goel et al. 2007; Guan et al. 2006) . In male mice, the Oct4 gene is expressed before spermatogenesis and is confined to type A spermatogonia (Feng et al. 2002) . The Ngn3 gene is predominantly expressed in the As, Apr and Aal stages of c-Kit negative spermatogonia in adults and the c-Kit negative fraction of the prepubertal prespermatogonia (Yoshida et al. 2004) . The four characteristic genes (Oct4, Integrin alpha 6, Integrin beta 1, Ngn3) of germ cells were selected to identify the spermatogonial stem cells and Sertoli cells (Shinohara et al. 1999) . Since the colonies expressed all 4 genes (Fig. 3a) they could be identified as SSC colonies, while the Sertoli cells only expressed the house-keeping gene (b-actin). The cell colonies expressed the CD9 marker on the cell surface after culture 3-5 days (in Fig. 4) , thus confirming the identification as spermatogonial stem cells. Although Sertoli cells expressed also CD9, they could be distinguished by morphological differences. They showed a small spherical nucleus with a thick rim of (Fig. 5) , SSCs are characterized by a large spherical nucleus with a thin rim of cytoplasm (Fig. 4a, c) , a morphology comparable to the morphology of mouse SSCs. Thus, it was demonstrated that the cell colonies we cultured were SSCs.
As a type of nutrient, RA induces genes expression in tissues. Dong et al. (2010) proved that 10 -7 mol l -1 of RA were optimal to induce foetal cattle mGCs (male germ cells) into haploid sperm cells. That is why this concentration of RA was applied in this study to treat murine SSCs. Although mGSCs have been differentiated into spermatogenic cells when they were co-cultured in vitro with feeder layer cells, treated with RA or transplantated in vivo (Feng et al. 2002; Kanatsu-Shinohara et al. 2003) , few reports have shown that murine SSCs are induced in vitro to form haploid male germ cells using RA. Sycp3 and TH2B, specific markers of haploid male germ cells (Lim et al. 2010; Li et al. 2011) , are expressed by haploid male germ cells, as seen in our result. In addition, the result from cell analysis by indirect immunofluorescence demonstrated that haploid male germ cells largely expressed protamine 1 (Fig. 6) , which is in contrast to SSCs which only barely expressed this marker (Fig. 7 ). We could demonstrate that under the present culture conditions SSCs could generate cell colonies and that RA could induce the differentiation of SSCs to haploid male germ cells thus providing a model to further studies of SSCs differentiation in vitro.
